Bridgmanite, a high temperature and pressure form of MgSiO 3 , is believed to be Earth's most abundant mineral and responsible for the observed seismic anisotropy in the mantle. Little is known about surfaces of bridgmanite but knowledge of the most stable surface terminations is important for understanding various geochemical processes as well as likely slip planes. A density functional theory based thermodynamic approach is used here to establish the range of stability of bridgmanite as well as possible termination structures of the (001) Bridgmanite is believed to be the most abundant rock-forming mineral in the Earth, making up 38% of the Earth's interior volume 1 . Its importance in the mantle has long been recognized 2 . The composition is MgSiO 3 in an orthorhombic ABO 3 perovskite structure. and it had long been called magnesium perovskite before it was officially named after the 1946 Nobel laureate in physics Percy W. Bridgman 3,4 . Magnesium atoms are is in the A sites and silicon atoms in the B sites. Numerous experimental 5-7 and computational 8-10 investigations of the crystal have been reported. Bridgmanite is believed to be stable from 660 km nearly down to the core-mantle boundary region at a depth of 2900km [11] [12] [13] . An observed seismic shear wave anisotropy in the Earth's upper mantle has been ascribed to a preferred orientation of induced deformation of bridgmanite is the most plausible explanation to observations of the Earth's uppermost mantle seismic shear wave anisotropy 10 method. 19 The rheology of bridgmanite is characterized by high lattice friction opposed to dislocation glide which requires high stress levels and this correlates well with the viscosity jump associated with the uppermost lower mantle 20 . A more complete understanding of the rheological properties of bridgmanite require further studies of polycrystalline aggregates of bridgmanite and grain boundaries.
Bridgmanite is believed to be the most abundant rock-forming mineral in the Earth, making up 38% of the Earth's interior volume 1 . Its importance in the mantle has long been recognized 2 . The composition is MgSiO 3 in an orthorhombic ABO 3 perovskite structure. and it had long been called magnesium perovskite before it was officially named after the 1946 Nobel laureate in physics Percy W. Bridgman 3, 4 . Magnesium atoms are is in the A sites and silicon atoms in the B sites. Numerous experimental [5] [6] [7] and computational [8] [9] [10] investigations of the crystal have been reported. Bridgmanite is believed to be stable from 660 km nearly down to the core-mantle boundary region at a depth of 2900km [11] [12] [13] . An observed seismic shear wave anisotropy in the Earth's upper mantle has been ascribed to a preferred orientation of induced deformation of bridgmanite is the most plausible explanation to observations of the Earth's uppermost mantle seismic shear wave anisotropy 10 . Deformation experiments have been carried out on bridgmanite 14,15 as well as theoretical atomic level simulations 16 based on the Peierls-Nabarro model 17, 18 and NEB method. 19 The rheology of bridgmanite is characterized by high lattice friction opposed to dislocation glide which requires high stress levels and this correlates well with the viscosity jump associated with the uppermost lower mantle 20 . A more complete understanding of the rheological properties of bridgmanite require further studies of polycrystalline aggregates of bridgmanite and grain boundaries.
While several experiments and calculations have been carried out on the properties of the bridgmanite crystal, little work has been done to characterize the surface properties. The only work we are aware of are theoretical calculations of Alfredsson et al. 21 who used effective pair potential functions tested and parametrized by plane wave density functional theory (DFT) calculations. They found the (001) surface to be the most stable surface of bridgmanite by calculating the cleavage energy of various surfaces.
The MgO-and SiO2-termination were compared only for the (001) surface. It is important to determine the structure and stability of the various bridgmanite surfaces and surface terminations for a range of environmental condition in order to establish the surface reactivity towards volatile compounds such as H 2 O and CO 2 , and the effect of surface impurities.
In the present article, results of DFT and thermodynamic calculations the stability of bridgmanite with respect to other solids as a function of temperature and presssure, as well as the structure and stability of various bridgmanite surface terminations * are presented for a range in oxygen and magnesium chemical potential. This work lays the foundations for further modeling of the rheology of bridgmanite and surface chemisitry.
Unlike the more common cubic perovskite structures, the neighboring SiO 6 octahedral in bridgmanite are rotated with respect to the [001] axis and form a Pbnm orthorhombic structure as shown in Fig 1. The (001) surface is non-polar while (011) is a polar surface. Surfaces with the various terminations, including also (010) and (100) surfaces, are created by cleavage of the crystal along the corresponding axis. Cleaving the crystal will creates two complementary surfaces and the cleavage energy per a unit cell is calculated as The energetics are calculated using DFT implemented with the projector-augmented wave (PAW) method 22 and Perdew-BurkeErnzerhof (PBE) functional approximation 23 . A plane wave basis set with a 600 eV kinetic energy cutoff was used and a MonkhorstPack k-point mesh of 8×8×8 for bulk phases and 8×8×1 for slab calculations of surface terminations. In order to minimize the influence caused by the periodic boundary condition, a 30 Å thick vacuum region was included between periodic images of the slab. The VASP software was used in the calculations [24] [25] [26] [27] .
Vibrational contribution to the Gibbs free energy were evaluated using the phonon density of states calculated using the density functional perturbation theory as implemented in the VASP/Phonopy software 28 .
The cleavage energy is the energy required to split a crystal into two parts with complementary terminations. The cleavage energy is related to the energy of the two surfaces formed. The Gibbs surface free energy is the excess energy of a semi-infinite crystal in contact with chemical reservoirs and can be used to analyze the stability of the various surface terminations. Slabs with identical terminations on both sides are used to evaluate the Gibbs free energy. The most stable surface is the one with the smallest surface Gibbs free energy for given chemical potentials of the various atomic species. The deviation of chemical potentials from their reference state (∆µ = µ − G re f erence state ) are used as as variables For bridgmanite this is
where
Ω i is the surface Gibbs free energy per unit area, G i is the Gibbs free energy of crystals, N i is the number of atoms of type i in crystal or surface; and A is the surface area of the slab termination.
In order for the MgSiO 3 crystal to be stable with respect to segregation of Mg, Si or O 2 molecules the following conditions on ∆µ need to be satisfied
∆g f is the Gibbs free energy of formation of crystal. Similarly, precipitation of MgO and SiO 2 do not occur if:
The bridgmanite crystal is thermodynamically stable when all these conditions are met. Previous studies have shown that silicate perovskite type minerals can be stable at high pressure 29 . As pressure is increased, the crystal structure can change while the chemical composition remains the same. In order to determine the region of stability area of bridgmanite in a ∆µ graph, it is important to compare with the right crystal structures of the various segregation products.
MgO will not change its crystal structure from B1 to B2 phase below 300GPa 30 , but SiO 2 will show a series of phase transition when pressure is increased 31 . At ambient pressure, SiO 2 is quartz, but stishovite becomes more stable at high pressure. Especially in the lower mantle condition where bridgmanite is stable, stishovite will be the predominant form of SiO 2 .
The composition phase diagram based on experimentally determined thermodynamic data 32 is shown in Fig 2 a and b . The precipitation criteria listed above for the various combinations of SiO 2 and MgSiO 3 are shown in Fig 2 c and d . In the ∆µ graph, MgO precipitates at the top left of the MgO line, and SiO 2 precipitates below the SiO 2 line. The bridgmanite MgSiO 3 phase is stable below the MgO line and above the SiO 2 line. The mineral is stable only when the SiO 2 line lies below on the left. Quartz is can coexist with enstatite and stishovite can coexist with akimotoite and majorite. Bridgmanite is not stable according to the DFT calculation at zero temperature, but by including the vibrational contributions at finite temperature, bridgmanite becomes stable when the temperature is above 1115K and pressure is above 24.5GPa. This is in good agreement with the bridgmanite break down into periclase and stishovite in the P-T the phase diagram obtained from experimentally determined thermodynamic data. The region of stability of bridgmanite becomes larger when the temperature is increased, which is also consistent with the P-T phase diagram. The surface Gibbs free energy must be positive in order for the crystal to be stable Fig. 3 shows the surface Gibbs free energy of four possible (001) surface terminations. Precipitation of silicon occurs below the Si precipitation line. Magnesium metal precipitates on the right of the Mg precipitation line. The region where a pure MgSiO 3 surface can be obtained is the narrow stripe between the MgO precipitation line on the right and the SiO 2 precipitation line on the left. The lines marked with surface names are the boundaries where surface Gibbs free energies equals to zero. The surface Gibbs free energy is positive at the opposite side to the label. The names are marked at the negative side of the boundaries, which means that a MgSiO 3 crystal will not be stable with respect to spontaneous surface formation beyond these boundaries.
The surface Gibbs free energy of the (001) surfaces was calculated for 24.5GPa and 1850K which corresponds to about 660 km depth follow the geothermal gradient 33 in the deep Earth. The terminations with O and MgO are cataloged as Mg-center terminations, and SiO2 and SiO as Si-center termination. Si-center terminations are more stable than Mg-center terminations in rel- atively reduced (i.e. oxygen-poor) environments. The Mg-center terminations become more stable than the Si-center terminations when the condition change from Mg-rich to Mg-poor. The surface Gibbs free energy of all possible surface terminations of the (010),(100) and (011) surfaces was also calculated for 24.5GPa and 1850K (see Fig. 4) . The most stable surface terminations are the same as for the (001) surface over most of the ∆µ area. An oxygen rich termination, O5(100), occupies a small conner just below the oxygen releasing line. A MgO-O(011) termination becomes most stable in oxygen poor and magnesium 1-4 | 3 rich conditions. A narrow belt lies in between the stable zone of MgO2(100). The results show that the (001) surfaces are most stable surface over a wide range of variation in Mg and O content. In the striped MgSiO 3 stability zone, the most stable surface changes from O(001) to MgO2(100) and then MgO-O(011) at oxygen rich, medium and poor conditions respectively.
It is likely that the dominant slip planes are these three most stable surface terminations under the corresponding reduction conditions in the deep Earth interior. Studies of the Earth mantle dynamics have been interpreted in terms of different slip planes 10, 34 . Our results indicate different explanations of the seismic anisotropy of the mantle and this will be pursued in future calculations.
In summary, density functional theory based thermodynamic calculations have been carried out to analyze the relative stability of bridgmanite and the possible (001), (010), (100) and (011) surface terminations as a function of chemical potential of oxygen and magnesium. The (001) surfaces are predicted to be the most stable under a wide range of conditions. Silicon rich terminations are more stable than magnesium based terminations under reducing (oxygen poor) conditions. Our results agree well with the experimentally determined thermodynamic data. Our results show that elevated temperature included through vibrational contributions plays an important role in stabilizing the bridgmanite crystal.
